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Abstract 
A series of vanadium compounds supported by tetradentate amino-bis(phenolate) ligands 
were screened for catalytic reactivity in the reaction of propylene oxide (PO) with carbon 
dioxide, [VO(OMe)(O2NOBuMeMeth)] (1), [VO(OMe)(ON2OBuMe)] (2), 
[VO(OMe)(O2NNBuBuPy)] (3), and [VO(OMe)(O2NOBuBuFurf)] (4) (where (O2NOBuMeMeth) 
= MeOCH2CH2N(CH2ArO-)2, Ar = 3,5-C6H2-Me, tBu]; (ON2OBuMe) = -OArCH2NMeCH2 
CH2NMeCH2ArO-, Ar = 3,5-C6H2-Me, tBu; (O2NNBuBuPy) = C5H4NCH2N(CH2ArO-)2, Ar 
= 3,5-C6H2-tBu2; (O2NOBuBuFurf) = C4H3OCH2N(CH2ArO-)2, Ar = 3,5-C6H2-tBu2). They 
showed similar reactivities but reaction rates were greater for 2, which was studied in 
more detail. TOF for conversion of PO over 500 h-1 were observed. Activation energies 
were determined experimentally via in situ IR spectroscopy for propylene carbonate (48.2 
kJ mol-1), styrene carbonate (45.6 kJ mol-1) and cyclohexene carbonate (54.7 kJ mol-1) 
formation. 
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Introduction 
Carbon dioxide (CO2) chemistry and the development of reactions utilizing CO2 as a C1 
feedstock have drawn significant attention because CO2 is not only an abundant, 
inexpensive and non-toxic carbon source but also a major contributor to climate 
change.[1-11]  One of the most promising reactions for using CO2 is its transformation with 
epoxides to yield cyclic carbonates (Scheme 1).  Cyclic carbonates can be used as 
synthetic intermediates in the synthesis of fine or bulk chemicals. They have been used as 
a raw material for the synthesis of polycarbonates,[12] and can be found as components in 
other carbonate-containing materials and composites.[13-16] Cyclic carbonates can also be 
used as intermediates in the synthesis of other small molecules such as 
dimethylcarbonate.[17] It is also worth noting that carbonate structural motifs are also 
found in natural products.[18-20] An application of cyclic carbonates, which has grown 
significantly in recent years, is as green polar aprotic solvents,[21-31] because of their 
excellent solubilizing properties and relatively low toxicities. This has also led to their 
use as electrolyte solvents in lithium-ion batteries.[32-35]  
 
Scheme 1. General scheme for conversion of carbon dioxide to propylene carbonate 
(PC), styrene carbonate (SC), or cyclohexene carbonate (CHC) via reaction with the 
corresponding epoxides. 
Many homogeneous catalysts using a wide variety of ligand classes have been 
examined for the transformation of CO2 to cyclic carbonates using epoxides. For 
porphyrin species, chromium,[36] manganese,[37, 38] copper,[37] iron,[38] cobalt,[38-40] and  
zinc,[41] have all been investigated. In most cases, these complexes are combined with a 
nucleophilic co-catalyst, such as tetrabutylammonium bromide (TBAB), 
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bis(triphenylphosphine)iminium chloride (PPNCl) or 4-dimethylaminopyridine (DMAP).  
At Memorial University, Kozak and co-workers have been investigating chromium 
complexes of amino-bis(phenolate) ligands as homogeneous catalysts for CO2/epoxide 
copolymerization.[42-46] However, cobalt(II) and cobalt(III) complexes of these ligands 
were shown to couple CO2 with propylene oxide under neat conditions to give propylene 
carbonate and not polymer,[47] but when closely related complexes were studied more 
recently poly(cyclohexene)carbonate was produced in the presence of DMAP.[48]  Iron 
has also been studied with this class of ligand and such complexes have shown excellent 
reactivity for either cyclic carbonate or polycarbonate formation.[49-51] The use of the 
aminophenolate ligand class, as exemplified by the above examples, presents a number of 
advantages for homogeneous catalyst development among which are their ease of 
synthesis, simple electronic and steric variation, and tuneable complexation modes 
achieved by changing the substituents on the phenolate groups, the amine or any pendant 
donors.[52]  
In the current study, vanadium was chosen because it is an abundant and 
relatively non-toxic metal. In the first study including vanadium species for the coupling 
of CO2 and epoxides, VCl3 and other Lewis acids were examined as catalysts.[53] More 
recently, complexes containing vanadium(IV) metal centres involving a variety of ligand 
classes including salphen and salen,[54] and  porphyrins,[55] have shown excellent activity 
towards cyclic carbonate synthesis.  Herein, several oxo vanadium(V) amino-
bis(phenolate) complexes (Figure 1) in conjunction with co-catalysts were screened in the 
hope of finding an efficient catalyst system for cycloaddition of epoxides and CO2 to 
synthesize cyclic carbonates.  We have recently reported the synthesis and 
characterization of these complexes, and their reactivity as oxidation catalysts.[56] 
Furthermore, as far as we are aware, this is the first report on the reactivity of a vanadium 
aminophenolate complex in these reactions and activity of vanadium(V) complexes in 
such reactions is currently unknown. 
Results and Discussion 
Catalysts 1-4 (Figure 1) were prepared as previously described.[56] They were previously 
studied in oxidation catalysis and add to the literature there.[57-61] Aminophenolate 
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vanadium complexes have also been studied in olefin polymerization and 
copolymerization reactions.[62-66] They have also recently found application as anti-tumor 
agents. [67]  In 1-4, the electronic properties of the phenolate donors are all similar, as 
there is little difference in the electronic parameters associated with tBu and Me groups. 
[68]  Furthermore, their steric influence around the active metal centre is identical, as in all 
cases the phenolates bear ortho tBu groups.  The current study seeks to address the way in 
which the neutral donor groups within the amino-phenolate ligands affects their reactivity 
and potential as catalysts. For example, 1 and 3 both contain pendant O-ether donors, 
whereas 2 and 4 contain amine and pyridyl-donors.  Furthermore, 1, 3 and 4 are tripodal 
ligands whereas 2 belongs to the salan-ligand family. 
 
Figure 1. Homogeneous catalysts tested in this work. 
 
As 1-4 are soluble in the epoxides studied, the reactions were carried out without 
the addition of any organic co-solvent.  The catalytic performance of complexes 1–4 in 
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substrate. Reactions were performed in neat propylene oxide at 80 to 120 °C and under 
20 or 40 bar of CO2 pressure. They were monitored via in situ IR spectroscopy and Figure 
2 displays a typical reaction profile, where a strong absorption just above 1800 cm-1 
[(C= O) propylene carbonate] was observed for all catalyst systems, and no sign of a 
polycarbonate peak at 1750 cm-1 was seen.  1-4 were studied under identical conditions in 
order to determine if any of them showed superior reactivity towards propylene carbonate 
formation, PC (Figures 3 and 4).  Using TBAB as the co-catalyst at 120 °C and 20 bar 
CO2, 2 and 4 appear to show an induction period of around 10 minutes whereas 1 and 3 
immediately form PC.  Induction periods were also observed using 2 and 4 when either 
styrene oxide or cyclohexene oxide were studied in this way. 
We note that 1 and 3 both contain neutral O-ether donor groups within their 
tetradentate ligand framework whereas 2 and 4 contain N-donor groups alongside the 
anionic phenolate donors.  We postulate that the induction period observed using 2 and 4 
is due to the stronger coordination of the N-donors to the vanadium. In 1 and 3, the 
methoxy- and furfuryl-donors are less strongly bound to the vanadium and are 
immediately displaced by the epoxide upon dissolution in this solvent thus forming the 
catalytically active species immediately. However, the N-donors in 2 and 4 remain bound 
upon initial dissolution at room temperature in the epoxide and it takes some time under 
the reaction conditions for the N-donors to dissociate and provide a vacant site for the 
epoxide to coordinate and generate the active catalytic species.  Similar differences in 
reactivity have been observed recently in chromium amino-phenolate complexes used for 
copolymerization of cyclohexene oxide and CO2.[45] 
However, once the reaction started the rate of PC formation was significantly 
greater for 2 compared with the other 3 catalysts studied and was therefore chosen as the 
starting point for further investigations. It is worth noting that 2 has two amine donors in 
the backbone of the ligand and no pendant ligand group unlike 1, 3 and 4, and this might 
be the reason for the increased reaction rate observed for 2. However further studies 
would be needed to confirm this hypothesis.  
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Figure 2 Surface diagram showing the growth of the cyclic carbonate group peak for 
propylene carbonate over time using 1.  No sign of polycarbonate peak at 1750 cm-1. 
Reaction conditions: 20 bar CO2, 120 °C, [V]:[PO]:[TBAB] = 1:500:2 
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Figure 3 First hour of the reaction profiles showing the absorbance of the cyclic 
carbonate C=O band at 1810 cm-1 catalyzed by 1 (solid red line), 2 (solid black line), 3 
(long dashed blue line), 4 (dashed green line). Reaction conditions: 20 bar CO2, 120 °C, 
[V]:[PO]:[TBAB] = 1:500:2, 70 mmol PO 
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Figure 4. Initial rates of reactions during the first hour based on C=O absorbance of 
propylene carbonate. 1(●)(y = 0.0025x - 0.5144, R2 = 0.9835), 2 (▲)(y = 0.0043x – 
3.39, R2 = 0.9874), 3 ( ) (y = 0.0030x – 1.8365, R2 = 0.9822), 4 (★) (y = 0.0036x – 
3.0600, R2 = 0.9934) Lines represent best fits of a linear model to the observed data. 
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Table 1. Optimal reaction condition screening study for cyclic carbonate synthesis catalyzed by 2.[a] 
Entry Epoxide Co-catalyst [V]:[Epoxide]:[Co-cat] PCO2 [bar] T [°C] time (h) Conv. [%] TON TOF [h-1] 
1 PO TBAB 0:500:1 40 80 or 100 18 0 0 0 
2 PO DMAP 1:500:1 40 80 or 100 18 0 0 0 
3 PO PPNCl 1:500:1 40 80 18 42 210 11.6 
4 PO TBAB 1:500:1 40 80 18 79 395 22 
5 PO TBAB 1:500:1 20 100 18 85 425 23.6 
6 PO TBAB 1:500:1 20 120 5 87 435 87 
7 PO TBAB 1:500:2 20 120 5 >99 >495 >99 
8 PO TBAB 1:500:3 20 120 5 85 425 23.6 
9 PO TBAB 1:2000:2 20 120 5 74 1480 296 
10 PO TBAB 1:4000:2 20 120 5 66 2640 528 
11 PO TBAB 1:4000:2 20 120 10 75 3000 300 
12 PO TBAB 1:4000:2 20 120 20 91 3640 182 
13 PO TBAB 1:4000:2 20 120 25 >99 >3960 >158 
14 SO TBAB 1:500:2 20 120 7 >99 >495 >71 
15 CHO TBAB 1:500:2 20 120 18 87 435 24.2 
 
[a] Reaction conditions: 100 mL reactor volume, 50 mmol epoxide. (PO, propylene oxide, SO, styrene oxide and CHO, cyclohexene 
oxide). Conversions determined by 1H NMR spectroscopy. TON = overall turnover number (molEpoxide converted/molVanadium). TOF = 
overall turnover frequency (TON/reaction time). 
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Effect of Reaction Parameters on Conversion of PO 
Results for reactions performed using 2 are summarized in Table 1 alongside a control 
reaction using TBAB and no catalyst (entry 1). Reactions were attempted at lower CO2 
pressures (1 bar and 10 bar) at 120 °C but no conversion was observed over an 18 h 
period.  Reactions could be performed at lower temperatures (30 °C) using 20-40 bar CO2 
and proceeded slowly according to Arrhenius’ principles (see discussion of kinetics 
below). Among the different co-catalysts, TBAB showed greater activity compared with 
DMAP and PPNCl (entries 2-4). It is worth noting that an ionic co-catalyst was critical in 
obtaining catalytic turnovers, as no conversion was observed when DMAP was employed 
as the co-catalyst.  The conversion of PO decreased if the 2:TBAB mole ratio was 
increased or decreased from the optimum 1:2 ratio (Table 1, entries 6–8). Similar trends 
were noted for the other vanadium catalysts studied.[55] Although PPNCl also functioned 
as an ionic co-catalyst for the cycloaddition of PO and CO2, the PO conversion was lower 
than when TBAB was used (Table 1, entry 3 versus 4–13). This is due to the fact that 
although chloride is a better nucleophile than bromide in aprotic solvents such as 
epoxides, bromide is a better leaving group and therefore the rate-determining step in the 
reaction may be the ring-closing step that occurs with concomitant loss of a bromide 
ion.[55] Further studies would be needed to confirm that the cation associated with the co-
catalyst (TBA vs. PPN) does not affect the resulting activity of the catalyst system 
significantly. Catalyst loading was also varied (1:500 - 1:4000) and the binary catalyst 
system could achieve high conversions after longer reaction times indicating that the 
catalysts are stable and can achieve high TON (Table 1, entries 9-13).  
 
Cycloaddition Reaction of Styrene Oxide or Cyclohexene Oxide with CO2 Catalyzed 
by 2/TBAB 
The cycloaddition of CO2 with other epoxides (styrene oxide, SO; cyclohexene oxide, 
CHO) using 2/TBAB was examined at 120 °C and 20 bar (initial CO2 pressure). Table 1 
shows that the catalyst is active for all the selected substrates under the adopted 
conditions. For SO, the catalyst system is active and achieves 100% conversion to the 
corresponding cyclic carbonate within 7 h, (Table 1, entry 14). Reactivity towards CHO 
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was also good; however, much longer reaction times were needed compared with PO and 
SO (Table 1, entry 15), which could be rationalized by the known lower rate of epoxide 
ring-opening for CHO due to its bicyclic nature which hinders the nucleophilic attack.  
 
Kinetic Measurements  
It is well known that cyclic carbonate is produced with increased selectivity over 
polycarbonate at elevated temperatures in the coupling reaction of PO and CO2.[4] The 
formation of cyclic carbonate is believed to occur via a backbiting mechanism from 
either an alkoxide or a carbonate group during the coupling reaction.[4, 69]  In order to 
develop a better understanding the of the mechanistic aspects of the formation of PC, the 
effect of reaction temperature on PC formation catalyzed by V/TBAB system was 
monitored by in situ infrared spectroscopy.  At room temperature, no PC formation was 
observed.  By increasing the temperature to 30 °C, the absorbance at 1815 cm-1 which 
corresponds to the cyclic carbonate carbonyl group started to slowly grow. The rate of 
formation of PC increases significantly as expected with increases in temperature (Figure 
5). Overall, it is clear that the activity of the catalyst is extremely sensitive to reaction 
temperature. From the kinetic data at variable temperatures as illustrated in Figure 6 the 
activation energy for the PC formation can be obtained (Figure 6). The activation energy 
for PC formation in the 2/TBAB catalyst system is 48.2 ± 0.16 kJ mol-1 at 20 bar of CO2 
pressure.  This result under the present conditions was analogous with those reported in 
the literature for the cycloaddition reaction using different catalysts, in which the range of 
about 35-70 kJ mol-1 for a range of other metals: Zn(II)[70, 71], Al(III) [72], Co(III),[73] and 
Li.[74] However, there are examples where higher activation energies are reported around 
100 kJ mol-1,[50, 75, 76] and this might be indicative of different rate determining steps 
between the catalytic systems being studied. Also, from the kinetic data at variable 
temperatures for SO and CHO conversions as illustrated in Figures S1 and S3 the 
activation energies for the SC and CHC formations can be obtained (Figures S2 and S4) 
The activation energy for SC formation using the 2/TBAB catalyst system was 45.6 ± 
0.21 kJ mol-1. The activation energy under the present conditions was in good agreement 
with those reported in the literature (35–70 kJ mol−1) for this cycloaddition reaction using 
different catalysts.[72] [71]  For CHC formation using the 2/TBAB catalyst system, the 
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activation energy was 54.7 ± 0.22 kJ mol-1 at 20 bar of CO2 pressure.  This is higher than 
those for PC and SC formation and suggests that the rate-determining step for these 
reactions is dependent on the nature of the epoxide and steric hindrance caused by using a 
non-terminal epoxide. 
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Figure 5. Temperature dependence of the initial rates of reaction based on the absorbance 
of the (C=O) of propylene carbonate (PC). Using 2 at 20 bar and [V]:[PO]:[Co-cat] 
1:500:2, at 30 °C ⚫ (y = 0.000039865x – 0.0200, R2 = 0.9992), at 40 °C  (y = 
0.00008028x – 0.1128, R2 = 0.9977), at 50 °C ⬧ (y = 0.0001x - 0.2421, R2 = 0.9960), at 
60 °C  (y = 0.0001994x – 0.1128, R2 = 0.9977), at 70 °C  (y = 0.00040163x – 0.0200, 
R2 = 0.9992). 
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Figure 6. Arrhenius plot for the formation of propylene carbonate using variable 
temperature data presented in Figure 5. Straight line: y = -5801.59x + 8.94, R2 = 0.9736 
 
Conclusions 
Vanadium amino-bis(phenolate) complexes 1–4 show very good catalytic performance 
for the selective coupling of epoxides and CO2 in the presence of ionic co-catalysts 
(TBAB and PPNCl) to give cyclic carbonate with no evidence of any polymer formation. 
Under optimized conditions (120 °C and 20 bar CO2), 2 could achieve a TOF of over 500 
h-1 and a TON close to 4000 for propylene carbonate formation.  Activation energies for 
the formation of PC, SC and CHC were determined. CHC formation had a significantly 
greater activation energy than PC and SC formation, which suggests that the rate 
determining step in these reactions is epoxide dependent, e.g. ring-opening of the 
epoxide, for this and related catalyst systems. However, we also note that reactions using 
other catalysts have reported significantly higher activation energies,[50, 75, 76] which 
implies that not all seemingly identical reactions progress with an identical rate 
determining step. Further studies, including computational efforts, are needed to fully 
understand the reaction mechanisms and rate-determining steps in these and related 
reactions. 
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Experimental Section 
Materials 
1-4 were prepared according to previously reported procedures.[56] PO, SO and CHO 
were purchased from Aldrich and used as received.  CO2 was supplied from Praxair in a 
high-pressure cylinder equipped with a liquid dip tube. CDCl3 was purchased from 
Cambridge Isotope Laboratories, Inc. 
Instrumentation 
1H and 13C NMR spectra were recorded on a Bruker AVANCE III 300 MHz NMR 
spectrometer. All coupling reactions, unless monitored in situ using a ReactIR system, 
were carried out in a 100 mL stainless steel Parr autoclave reactor (Parr Instrument 
Company) equipped with a motorized mechanical stirrer and a heating mantle. For IR-
monitored reactions, the pressure vessel was additionally equipped with a silicon ATR 
sensor (SiComp Sentinel). The ATR sensor was connected to a ReactIR 15 base unit 
(Mettler-Toledo) via a DS silver-halide Fiber-to-Sentinel conduit. Similar reaction 
monitoring systems have been described previously.[76] For monitored reactions, It is 
important to note that caution should be taken when operating high-pressure equipment. 
Typical procedure for catalytic coupling reaction of epoxides and CO2 
A solution of the catalyst and co-catalyst in the epoxide (50 mmol) was prepared and 
added via a long-needled syringe to a 100-mL Parr autoclave, which was pre-dried under 
vacuum overnight at 80 °C. The appropriate pressure of CO2 was then dosed into the 
reactor and heating and stirring were started to achieve the desired temperature (Table 1). 
After the desired time, the autoclave was cooled in an ice bath until the temperature probe 
read T < 20 ºC and vented in a fume hood. This decompression was carried out very 
slowly, in order to allow the liquid phase to degas properly and to avoid loss of the 
reaction mixture.  After this, the autoclave was opened and a sample was taken 
immediately for the determination of conversion by NMR spectroscopy. 
 
Acknowledgements 
Memorial University and NSERC of Canada are thanked for funding (F.M.K.). CFI and 
RDC NL funded our in situ IR spectroscopy equipment. Financial support by the Libyan 
Government is gratefully acknowledged (A.I.E.). 
 14 
References  
[1] D. J. Darensbourg, R. M. Mackiewicz, A. L. Phelps, D. R. Billodeaux, Acc. Chem. Res. 
2004, 37, 836-844. 
[2] T. Sakakura, J.-C. Choi, H. Yasuda, Chem. Rev. 2007, 107, 2365-2387. 
[3] M. North, R. Pasquale, C. Young, Green Chem. 2010, 12, 1514-1539. 
[4] X.-B. Lu, D. J. Darensbourg, Chem. Soc. Rev. 2012, 41, 1462-1484. 
[5] C. Martin, G. Fiorani, A. W. Kleij, ACS Catal. 2015, 5, 1353-1370. 
[6] C. Maeda, Y. Miyazaki, T. Ema, Catal. Sci. Technol. 2014, 4, 1482-1497. 
[7] M. Cokoja, M. E. Wilhelm, M. H. Anthofer, W. A. Herrmann, F. E. Kuehn, ChemSusChem 
2015, 8, 2436-2454. 
[8] J. W. Comerford, I. D. V. Ingram, M. North, X. Wu, Green Chem. 2015, 17, 1966-1987. 
[9] G. Fiorani, W. Guo, A. W. Kleij, Green Chem. 2015, 17, 1375-1389. 
[10] M. Taherimehr, P. P. Pescarmona, J. Appl. Polym. Sci. 2014, 131, 41141/41141-
41141/41117. 
[11] M. Aresta, A. Dibenedetto, E. Quaranta, J. Catal. 2016, 343, 2-45. 
[12] S. Fukuoka, M. Kawamura, K. Komiya, M. Tojo, H. Hachiya, K. Hasegawa, M. Aminaka, 
H. Okamoto, I. Fukawa, S. Konno, Green Chem. 2003, 5, 497-507. 
[13] M. Yadollahi, H. Bouhendi, M. J. Zohuriaan-Mehr, H. Farhadnejad, K. Kabiri, Polym. 
Sci. Ser. B 2013, 55, 327-335. 
[14] V. Besse, F. Camara, C. Voirin, R. Auvergne, S. Caillol, B. Boutevin, Polym. Chem. 2013, 
4, 4545-4561. 
[15] M. Fleischer, H. Blattmann, R. Mulhaupt, Green Chem. 2013, 15, 934-942. 
[16] B. Nohra, L. Candy, J.-F. Blanco, C. Guerin, Y. Raoul, Z. Mouloungui, Macromolecules 
2013, 46, 3771-3792. 
[17] L. F. S. Souza, P. R. R. Ferreira, J. L. de Medeiros, R. M. B. Alves, O. Q. F. Araújo, ACS 
Sustainable Chem. Eng 2014, 2, 62-69. 
[18] S. Mizobuchi, J. Mochizuki, H. Soga, H. Tanba, H. Inoue, J. Antibiot. 1986, 39, 1776-
1778. 
[19] S. Chatterjee, G. C. Reddy, C. M. Franco, R. H. Rupp, B. N. Ganguli, H. W. Fehlhaber, H. 
Kogler, J. Antibiot. 1987, 40, 1368-1374. 
[20] Z. Liu, P. R. Jensen, W. Fenical, Phytochemistry 2003, 64, 571-574. 
[21] W. Clegg, R. W. Harrington, M. North, F. Pizzato, P. Villuendas, Tetrahedron: 
Asymmetry 2010, 21, 1262-1271. 
[22] P. Lenden, P. M. Ylioja, C. Gonzalez-Rodriguez, D. A. Entwistle, M. C. Willis, Green 
Chem. 2011, 13, 1980-1982. 
[23] B. Schäffner, F. Schäffner, S. P. Verevkin, A. Börner, Chem. Rev. 2010, 110, 4554-
4581. 
[24] M. North, F. Pizzato, P. Villuendas, ChemSusChem 2009, 2, 862-865. 
[25] M. North, M. Omedes-Pujol, Tetrahedron Lett. 2009, 50, 4452-4454. 
[26] M. North, M. Omedes-Pujol, Beilstein J. Org. Chem. 2010, 6, 1043-1055. 
[27] C. Beattie, M. North, P. Villuendas, Molecules  2011, 16, 3420-3432. 
[28] H. L. Parker, J. Sherwood, A. J. Hunt, J. H. Clark, ACS Sustainable Chem. Eng 2014, 2, 
1739-1742. 
[29] M. T. Reetz, G. Lohmer, Chem. Commun. 1996, 1921-1922. 
[30] B. Schäffner, J. Holz, S. P. Verevkin, A. Boerner, ChemSusChem 2008, 1, 249-253. 
[31] B. Schäffner, J. Holz, S. P. Verevkin, A. Börner, Tetrahedron Lett. 2008, 49, 768-771. 
[32] T. Ogasawara, A. Débart, M. Holzapfel, P. Novák, P. G. Bruce, J. Am. Chem. Soc. 2006, 
128, 1390-1393. 
[33] K. Xu, Chem. Rev. 2004, 104, 4303-4417. 
 15 
[34] S. S. Zhang, J. Power Sources 2006, 162, 1379-1394. 
[35] V. Aravindan, J. Gnanaraj, S. Madhavi, H. K. Liu, Chemistry Eur. J. 2011, 17, 14326-
14346. 
[36] W. J. Kruper, D. D. Dellar, J. Org. Chem. 1995, 60, 725-727. 
[37] R. Srivastava, T. H. Bennur, D. Srinivas, J. Mol. Catal. 2005, 226, 199-205. 
[38] L. Jin, H. Jing, T. Chang, X. Bu, L. Wang, Z. Liu, J. Mol. Catal. 2007, 261, 262-266. 
[39] R. L. Paddock, Y. Hiyama, J. M. McKay, S. T. Nguyen, Tetrahedron Lett. 2004, 45, 
2023-2026. 
[40] D. Bai, Q. Wang, Y. Song, B. Li, H. Jing, Catal. Commun. 2011, 12, 684-688. 
[41] T. Ema, Y. Miyazaki, S. Koyama, Y. Yano, T. Sakai, Chem. Commun. 2012, 48, 4489-
4491. 
[42] R. K. Dean, L. N. Dawe, C. M. Kozak, Inorg. Chem. 2012, 51, 9095-9103. 
[43] R. K. Dean, K. Devaine-Pressing, L. N. Dawe, C. M. Kozak, Dalton Trans. 2013, 42, 
9233-9244. 
[44] H. Chen, L. N. Dawe, C. M. Kozak, Catal. Sci. Technol. 2014, 4, 1547-1555. 
[45] C. M. Kozak, A. M. Woods, C. S. Bottaro, K. Devaine-Pressing, K. Ni, Faraday Discuss. 
2015, 183, 31-46. 
[46] K. Devaine-Pressing, L. N. Dawe, C. M. Kozak, Polym. Chem. 2015, 6, 6305-6315. 
[47] L. N. Saunders, N. Ikpo, C. F. Petten, U. K. Das, L. N. Dawe, C. M. Kozak, F. M. Kerton, 
Catal. Commun. 2012, 18, 165-167. 
[48] M. Reiter, P. T. Altenbuchner, S. Kissling, E. Herdtweck, B. Rieger, Eur. J. Inorg. Chem. 
2015, 2015, 1766-1774. 
[49] C. J. Whiteoak, B. Gjoka, E. Martin, M. M. Belmonte, E. C. Escudero-Adán, C. Zonta, G. 
Licini, A. W. Kleij, Inorg. Chem. 2012, 51, 10639-10649. 
[50] D. Alhashmialameer, J. Collins, K. Hattenhauer, F. M. Kerton, Catal. Sci. Tech. 2016, 6, 
5364-5373  
[51] M. Taherimehr, J. P. Serta, A. W. Kleij, C. J. Whiteoak, P. P. Pescarmona, ChemSusChem 
2015, 8, 1034-1042. 
[52] O. Wichmann, R. Sillanpää, A. Lehtonen, Coord. Chem. Rev. 2012, 256, 371-392. 
[53] T. Bok, E. K. Noh, B. Y. Lee, Bull. Korean Chem. Soc. 2006, 27, 1171-1174. 
[54] A. Coletti, C. J. Whiteoak, V. Conte, A. W. Kleij, ChemCatChem 2012, 4, 1190-1196, 
S1190/1191-S1190/1111. 
[55] D. Bai, Z. Zhang, G. Wang, F. Ma, Appl. Organomet. Chem. 2015, 29, 240-243. 
[56] A. I. Elkurtehi, A. G. Walsh, L. N. Dawe, F. M. Kerton, Eur. J. Inorg. Chem. 2016, 2016, 
3123-3130. 
[57] S. Barroso, P. Adao, F. Madeira, M. T. Duarte, J. C. Pessoa, A. M. Martins, Inorg. Chem. 
2010, 49, 7452-7463. 
[58] G. Zhang, B. L. Scott, R. Wu, L. A. P. Silks, S. K. Hanson, Inorg. Chem. 2012, 51, 7354-
7361. 
[59] F. Madeira, S. Barroso, S. Namorado, P. M. Reis, B. Royo, A. M. Martins, Inorg. Chim. 
Acta 2012, 383, 152-156. 
[60] M. M. Hanninen, A. Peuronen, P. Damlin, V. Tyystjarvi, H. Kivela, A. Lehtonen, Dalton 
Trans. 2014, 43, 14022-14028. 
[61] M. R. Maurya, B. Uprety, F. Avecilla, P. Adao, J. Costa Pessoa, Dalton Trans. 2015, 44, 
17736-17755. 
[62] C. Lorber, F. Wolff, R. Choukroun, L. Vendier, Eur. J. Inorg. Chem. 2005, 2850-2859. 
[63] J.-Q. Wu, J.-S. Mu, S.-W. Zhang, Y.-S. Li, J. Polym. Sci., Part A: Polym. Chem. 2010, 48, 
1122-1132. 
[64] C. Lorber, E. Despagnet-Ayoub, L. Vendier, A. Arbaoui, C. Redshaw, Catal. Sci. 
Technol. 2011, 1, 489-494. 
 16 
[65] J.-B. Wang, L.-P. Lu, J.-Y. Liu, H.-l. Mu, Y.-S. Li, J. Mol. Catal. A: Chem. 2015, 398, 289-
296. 
[66] Y. Phuphuak, F. Bonnet, L. Vendier, C. Lorber, P. Zinck, Dalton Trans. 2016, 45, 
12069-12077. 
[67] L. Reytman, O. Braitbard, J. Hochman, E. Y. Tshuva, Inorg. Chem. 2016, 55, 610-618. 
[68] C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165-195. 
[69] A. Buchard, M. R. Kember, K. G. Sandeman, C. K. Williams, Chem. Commun. 2011, 47, 
212-214. 
[70] F. Ono, K. Qiao, D. Tomida, C. Yokoyama, J. Mol. Catal. A: Chem. 2007, 263, 223-226. 
[71] X. Pan, Z. Liu, R. Cheng, X. He, B. Liu, J. Organomet. Chem. 2015, 775, 67-75. 
[72] S. Supasitmongkol, P. Styring, Catal. Sci. Tech. 2014, 4, 1622-1630. 
[73] J. Liu, W.-M. Ren, Y. Liu, X.-B. Lu, Macromolecules  2013, 46, 1343-1349. 
[74] Y. Ren, C.-H. Guo, J.-F. Jia, H.-S. Wu, J. Mol. Catal. A: Chem. 2011, 115, 2258-2267. 
[75] J. E. Dengler, M. W. Lehenmeier, S. Klaus, C. E. Anderson, E. Herdtweck, B. Rieger, 
Eur. J. Inorg. Chem. 2011, 2011, 336-343. 
[76] D. J. Darensbourg, J. C. Yarbrough, C. Ortiz, C. C. Fang, J. Am. Chem. Soc. 2003, 125, 
7586-7591. 
 
  
 17 
Table of Contents 
Four epoxide-soluble vanadium(V) complexes with ionic co-catalysts convert epoxides to 
carbonates. For propylene oxide, TON up to 4000 and TOF over 500 h-1. In situ IR 
spectroscopic monitoring of carbonate formation allowed activation energies to be 
determined (45.6-54.7 kJ mol-1) 
 
 
Keywords 
Carbon dioxide, Homogeneous catalysis, Kinetics, Vanadium 
V
O
MeO
O
N
O
N
tBu
tBu
